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ABSTRACT 

Despite  the  potentials  and  the  efforts  put  in  the 
development  of  uncooled  carbon  nanotube  infrared  detectors 
during  the  past  two  decades,  their  figure-of-merit  detectivity 
remains  orders  of  magnitude  lower  than  that  of  conventional 
semiconductor  counterparts  due  to  the  lack  of  efficient  exciton 
dissociation  schemes.  In  this  paper,  we  report  an  extraordinary 
photocurrent  harvesting  configuration  at  a  semiconducting 
single-walled  carbon  nanotube  (s-SWCNT)/polymer  type-11 
heterojunction  interface,  which  provides  highly  efficient 

exciton  dissociation  through  the  intrinsic  energy  offset  by  designing  the  s-SWCNT/polymer  interface  band 
alignment.  This 

results  in  significantly  enhanced  near- infrared  detectivity  of  2.3  x  108  cm-Hzl/2/W,  comparable  to  that  of  the  many 
conventional 

uncooled  infrared  detectors.  With  further  optimization,  the  s-SWCNT/polymer  nanohybrid  uncooled  infrared 
detectors  could  be 

highly  competitive  for  practical  applications. 
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ABSTRACT:  Despite  the  potentials  and  the  efforts  put  in  the 
development  of  uncooled  carbon  nanotube  infrared  detectors 
during  the  past  two  decades,  their  figure-of-merit  detectivity 
remains  orders  of  magnitude  lower  than  that  of  conventional 
semiconductor  counterparts  due  to  the  lack  of  efficient  exciton 
dissociation  schemes.  In  this  paper,  we  report  an  extraordinary 
photocurrent  harvesting  configuration  at  a  semiconducting 
single-walled  carbon  nanotube  (s-SWCNT) /polymer  type-II 
heterojunction  interface,  which  provides  highly  efficient 
exciton  dissociation  through  the  intrinsic  energy  offset  by  designing  the  s-SWCNT/polymer  interface  band  alignment.  This 
results  in  significantly  enhanced  near-infrared  detectivity  of  2.3  X  10*  cm-Hz^^^/W,  comparable  to  that  of  the  many  conventional 
uncooled  infrared  detectors.  With  further  optimization,  the  s-SWCNT/polymer  nanohybrid  uncooled  infrared  detectors  could  be 
highly  competitive  for  practical  applications. 

KEYWORDS:  Infrared  detector,  carbon  nanotuhe,  P3HT,  type-II  hetero junction,  detectivity 


Single-wall  carbon  nanotubes  (SWCNTs)  have  outstanding 
photoabsorption  in  the  infrared  (IR)  spectrum,  making 
them  promising  candidates  for  IR  detector  applications.^  * 
However,  the  photon-generated  excitons  in  SWCNTs  remain 
strongly  bonded  due  to  the  enhanced  Coulomb  interaction  and 
the  reduced  screen  effect  in  one-dimensional  materials,^'^ 
resulting  in  difficulties  in  exciton  dissociation  and  hence 
photocurrent  generation  in  SWCNTs.  Consequently,  SWCNTs 
based  IR  detectors  are  mostly  thermal  type,  or  bolometers, 
since  the  excitons  dissociate  primarily  through  thermal 
interactions  with  the  carbon  nanotube  lattice,^®'^^  and  the 
reported  low  figure-of-merit  detectivity  D*  ~  10*— 10° 
cm-Hz*^^/W^’*’^^  is  several  orders  of  magnitude  lower  than 
that  of  conventional  uncooled  IR  detectors.  An  additional 
drawback  of  these  SWCNT  bolometers  is  the  slow  photo¬ 
response  on  the  order  of  tens  of  milliseconds  or  longer, 
indicative  of  the  strong  influence  of  the  slow  surface  oxygen 
desorption/adsorption.*  The  implementation  of  efficient 
exciton  dissociation  schemes  represents  a  critical  step  toward 
high-performance  SWCNT  IR  detectors. 

Type-II  heterojunctions  formed  at  the  interface  between 
semiconducting  SWCNTs  (s-SWCNTs)  and  another  selected 
semiconductor  may  provide  a  promising  scheme  for  exciton 
dissociation  by  designing  band  edge  alignment  at  the  interface. 
The  resulted  energy  offset,  which  exceeds  the  exciton  binding 
energy,  will  facihtate  the  dissociation  of  excitons  on  a  much 
faster  time  scale  than  recombination  after  they  are  generated 
upon  IR  photon  absorption  in  s-SWCNTs.^^  In  particular,  the 
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type-II  heterojunctions  formed  at  the  interface  of  s-SWCNT 
and  semiconducting  polymer  have  unique  advantages  in  terms 
of  nonvacuum  based  processing  and  low  cost.  Poly(3- 
hexylthiophene)  (P3HT)  is  among  several  semiconducting 
conjugated  polymers  that  have  appropriate  band  offsets  to  s- 
SWCNTs,  and  the  type-II  heterojunction  interface  formed  with 
electron  accepting  s-SWCNTs  is  shown  schematically  in  Figure 
la  and  The  S-SWCNT/P3HT  constitutes  a  donor- 

acceptor  system,  where  an  s-SWCNT  works  as  an  electron 
acceptor  due  to  its  higher  electron  affinity.  Considering  that 
the  diameters  of  the  s-SWCNTs  used  in  this  experiment  are  in 
the  range  of  1.2— 1.7  nm,  the  exciton  binding  energy  is 
estimated  to  be  below  0.5  eV.'^  Therefore,  the  1.3  eV  offset 
between  the  conduction  band  of  s-SWCNT  and  the  lowest 
unoccupied  molecular  orbital  of  P3HT  is  considerably  greater 
than  the  exciton  binding  energy  of  less  than  0.5  eV  in  the  s- 
SWCNTs  used  in  our  experiments.^^  This  means  that  the 
photogenerated  excitons  could  be  efficiently  dissociated  at  the 
S-SWCNT/P3HT  interface,  which  is  followed  by  free  electron 
transfer  to  s-SWCNTs  and  hole  injection  into  P3HT,  resulting 
in  enhanced  photoconductivity  upon  incident  near  IR  (NIR) 
illumination.  This  exciton  dissociation  mechanism  is  consistent 
with  the  observation  of  a  greatly  enhanced  charge-separated 
state  and  dramatically  lengthened  free  carrier  decay  with 
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Figure  1.  (a)  Diagram  of  S-SWCNT/P3HT  nanohybrid,  (b)  Band 
structure  of  the  S-SWCNT/P3HT  type-II  heterojunction,  (c)  AFM 
image  of  S-SWCNT/P3HT.  (d)  Optical  absorbance  spectra  of  s- 
SWCNT  and  S-SWCNT/P3HT. 


increasing  s-SWCNT  concentration  in  the  S-SWCNT/P3HT 
composite.^*  In  the  S-SWCNT/P3HT  nanohybrid  NIR 
detector,  NIR  photons  are  absorbed  by  the  SWCNTs.  The 
NIR  photogenerated  excitons  on  SWCNTs,  which  may  have 
higher  binding  energy  compared  to  their  counterparts  in  the  s- 
SWCNT/P3HT  solar  cells  due  to  the  one-dimensional  nature 
of  the  SWCNT,  are  expected  to  dissociate  via  the  same 
mechanism  as  described  above  in  the  solar  cell  case.  Indeed,  in 
this  experiment  a  significantly  enhanced  photocurrent  was 
observed  in  the  S-SWCNT/P3HT  nanohybrids  NIR  detectors, 
which  results  in  a  greatly  improved  D*,  up  to  2.3  X  10®  cm-Hz/ 
and  fast  photoresponse  with  a  response  time  on  the  order 
of  1  ms,  making  SWCNT -based  NIR  detectors  competitive,  for 
the  first  time,  to  their  conventional  counterparts. 

It  is  important,  however,  to  differentiate  this  work  from 
previous  re|)orts  on  SWCNT/polymer  composite  NIR 
detectors.^^  ^  First,  the  desired  type-II  heterojunction  only 
forms  on  the  s-SWCNTs.  The  band  offset  on  the  interface 
between  metallic  SWCNTs  (m-SWCNTs)  and  P3HT  is 
unfavorable,^^  and  the  presence  of  the  m-SWCNTs  is  in  fact 
detrimental  since  excitons  get  quenched  by  transferring 
electrons  from  filled  states  at  the  m-SWNT  Fermi  level  to 
the  P3HT  highest  occupied  molecular  orbital.^®  It  is  therefore 
critical  to  use  sorted  s-SWCNTs  instead  of  the  as-made 
SWCNTs,  which  typically  contain  a  1/3  volume  portion  of  m- 
SWCNTs  and  have  been  used  for  most  of  the  previously 
reported  SWCNT/polymer  composite  IR  detectors.  On  the 
other  hand,  the  selection  of  the  polymer  semiconductors  is 
critical,  and  out  of  many  that  were  tested,  only  a  few  were 
confirmed  to  form  the  desired  type-II  heterojunctions  with  s- 
SWCNTs.^^  Finally,  the  s-SWCNTs  must  be  well-dispersed  in 
the  polymer  to  avoid  bundling,  which  has  been  found  critical  to 
achieving  a  well-defined  type-II  interface  that  is  necessary  for 
efficient  exciton  dissociation.^^’^"*^  It  is  reported  that  the 
interaction  between  s-SWCNT  and  P3HT  via  tc—tc  stacks 
overcome  the  van  der  Waals  interaction  between  s-SWCNTs 
and  provide  efficient  interfacial  area  for  charge  separation, 
which  is  only  possible  if  the  s-SWCNTs  are  individually 


embedded  in  an  P3HT  matrrx.^^  This  argument  is  supported  by 
the  dramatically  improved  photocurrent  which  was  only 
demonstrated  on  the  S-SWCNT/P3HT  nanohybrid  solar  cells 
using  a  specially  developed  solution  self-assembly  approach  to 
ensure  the  s-SWCNT  dispersion.^^  Based  on  these  arguments, 
it  is  not  surprising  that  most  SWCNT/polymer  composite  IR 
detectors  reported  previously  are  primarily  based  on  either 
completely  or  predominantly  thermal  effects  as  evidenced  in 
the  disappointingly  low  D*  and  slow  photoresponse.^^”^^  In 
contrast,  this  work  reports  an  extraordinary  photocurrent 
harvesting  scheme  of  forming  type-II  heterojunction  at  the 
interface  between  well-dispersed  s-SWCNTs  and  conjugated 
P3HT  polymer  for  high  efficiency  exciton  dissociation.  With 
further  optimizations,  the  scheme  may  provide  a  low-cost 
pathway  toward  high-performance  s-SWCNT  IR  detectors 
competitive  to  conventional  uncooled  IR  detectors. 

A  self-assembly  solution  approach  was  applied  to  facilitate 
P3HT  helical  conformations  onto  the  s-SWCNT  core  prior  to 
the  S-SWCNT/P3HT  deposition.  This  is  crucial  to  the 
formation  of  the  ;r-conjugation  of  the  polymer  at  the  interface 
with  the  s-SWCNT  to  enable  formation  of  the  type-II 
heterojunctions.  It  has  been  shown  that  P3HT  adsorbs  rapidly, 
beginning  in  solution,  to  the  s-SWCNT  through  n—n  stacking 
forces.^^  The  assembly  of  a  larger  set  of  chains  and  s-SWNT  is 
what  occurs  during  a  typical  S-SWCNT/P3HT  film  prepara¬ 
tion,  and  a  diagram  of  the  S-SWCNT/P3HT  nanohybrid  is 
shown  in  Figure  la. 

High-purity  (~98%)  s-SWCNTs  with  nominal  diameter  in 
the  range  1.2— 1.7  nm  and  length  in  the  range  300  nm  to  5  fitn 
(isoNanotube-S  from  Nanointegris)  were  used  in  this  study. 
The  use  of  s-SWCNTs  with  larger  diameter  would  be 
advantageous  due  to  their  lower  exciton  binding  energy  that 
scales  as  ~l/d^^  and  larger  carrier  mobility  in  the  diffusive 
transport  regime  that  scales  as  The  S-SWCNT/P3HT 
(core/sheU)  nanohybrids  were  prepared  in  10  mg/mL  1,2- 
dichlorobenzene  (l,2-DCB)  solution  containing  P3HT  and  s- 
SWCNT  (3  wt  %).^^  Nonsolvent  acetonitrile  was  adopted  to 
promote  P3HT  aggregation  onto  SWCNT  surface.  A 
sonication  step  was  implemented  to  assist  self-assembly  of 
P3HT  polymer  backbone  onto  s-SWCNTs.  The  s-SWCNT/ 
P3HT  nanohybrid  films  were  prepared  by  spin-coating  the 
solution  at  1000  rpm  for  1  min  on  a  sihcon  substrate  with  a  500 
nm  thick  thermal  oxide  layer  on  top.  The  S-SWCNT/P3HT 
nanohybrid  film  thickness  is  around  35—70  nm.  Smaller 
thicknesses  were  found  to  be  advantageous  to  harvesting  larger 
photocurrents  considering  the  small  charge  carrier  diffusion 
length  of  a  few  nanometers  in  polymers  such  as  P3HT.^^  Ti(l0 
nm)/Au(50  nm)  electrodes  were  predeposited  on  the 
substrates  using  electron  beam  evaporation.  Control  samples 
of  pure  s-SWCNT  and  pure  P3HT  films  were  fabricated  and 
characterized  (see  Supporting  Information). 

The  atomic  force  microscopy  (AFM)  image  of  Figure  Ic 
shows  wormlike  morphology  in  the  S-SWCNT/P3HT  films 
typically  of  few  f^m  long.  The  AFM  image  indicates  that  a 
percolation  network  consisting  of  a  large  number  of  individual 
S-SWCNT/P3HT  units  was  formed  in  the  film.  This  is 
consistent  with  the  previous  report  on  the  S-SWCNT/P3HT 
nanohybrid  processed  using  a  similar  condition,^^  suggesting 
that  the  core— shell  structure  is  well-formed.  The  diameter  of 
individual  S-SWCNT/P3HT  is  about  several  nanometers  based 
on  the  transmission  electron  microscopy  study  (see  Supporting 
Information,  Figure  Si).  In  the  photoactive  layer,  the  s- 
SWCNTs  work  as  electron  acceptors  due  to  their  higher 
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Figure  2.  (a)  Brief  diagram  of  the  electrical  setup  for  IR  detections,  (b)  Representative  V—I  curves  of  S-SWCNT/P3HT  in  dark  and  under  NIR 
illumination  of  2  mW/mm^.  The  inset  shows  the  voltage  biased  V—I  curves  of  s-SWCNT  control  sample,  (c)  Differential  conductance  dl/dV  of  s- 
SWCNT/P3HT:  the  data  were  calculated  from  b.  (d)  Current  biased  temporal  response  of  pure  s-SWCNT  under  1.5  Hz  NIR  modulation  with 
intensity  of  0.3  mW/mm^,  bias  current  SO  mA.  (e)  S-SWCNT/P3HT  nanohybrid  under  99  Hz  NIR  modulation  with  an  intensity  of  0.35  mW/mm^ 
and  bias  voltage  was  10  V.  The  response  time  was  calculated  using  10—90%  magnitude  change.  All  measurements  were  taken  at  room  temperature. 


electron  affinity  compared  to  the  P3HT.  Figure  lb  shows  the 
band  alignment  in  the  active  layer. 

A  Cary  5000  ultraviolet— visible— NIR  dual-beam  spectropho¬ 
tometer  was  used  for  the  optical  absorbance  spectra  measure¬ 
ment  of  the  s-SWCNT  and  S-SWCNT/P3HT  dispersed  in  1,2- 
DCB.  Representative  absorption  spectra  of  the  s-SWCNT  and 
S-SWCNT/P3HT  nanohybrid  are  depicted  in  Figure  Id.  For 
transport  characterization,  the  setup  shown  in  Figure  2a  was 
employed.  The  voltage  bias  for  voltage  (V)— current  (J)  curve 
measurement  was  applied  using  an  Agilent  E3631A  voltage 
source,  and  current  was  examined  by  measuring  the  voltage 
through  a  constant  resistor  in  series,  typically  10—100  kfi,  using 
a  HP  34420A  voltmeter.  Temporal  response  was  measured 
using  an  Agilent  54624A  oscilloscope.  The  noise  spectrum  was 
measured  using  a  Keithley  224  current  source  and  a  Stanford 
Research  SR760  spectrum  analyzer  and  then  converted  into 
current  noise  spectrum  using  the  corresponding  dynamic 
resistance.  NIR  light  was  produced  from  a  xenon  light  source 
with  NIR  filter  (l.O— 1.3  ^m  bandpass).  The  power  intensity 
was  cahbrated  by  using  a  Thorlabs  PMIOOD  power  meter,  and 
IR  modulation  was  controlled  using  a  mechanical  chopper.  The 
IR  power  incident  on  the  detection  element  is  calculated  from 
the  cahbrated  power  intensity  and  detection  element  area, 
which  is  defined  by  the  sample  width  of  4  mm  and  electrode 
spacing  of  0.35—0.7  mm.  S-SWCNT/P3HT  samples  were 
mounted  in  an  optical  cryostat  during  the  measurements. 

Based  on  the  Kataura  plot^^  and  the  nominal  SWCNTs 
diameter  range,  optical  absorption  from  the  s-SWCNTs  in  our 
samples  is  predicted  to  occur  in  two  bands  at  approximately 
800—1200  nm  (S22  transitions)  and  1400—2000  nm  (S^ 
transitions).  The  optical  absorption  spectra  of  the  s-SWCNTs 
and  S-SWCNT/P3HT  core/shell  nanohybrids  in  1,2-DCB 


match  this  prediction  well,  as  shown  in  Figure  Id.  In  addition,  a 
strong  absorption  peak  at  610  nm  was  also  observed  on  the  s- 
SWCNT/P3HT  core/shell  nanohybrids,  indicative  of  a  highly 
structured  order  in  the  P3HT  polymer  layer  after  coating  onto 
the  s-SWCNT  cores.^*  The  P3HT  conjugated  polymer  is 
photoactive  in  the  visible  range  (<630  nm  wavelength)  rather 
than  the  IR  range.  Therefore,  the  absorption  and  photocurrent 
excited  by  the  NIR  light  are  anticipated  only  from  the  s- 
SWCNTs  in  the  S-SWCNT/P3HT  nanohybrid. 

Strong  NIR  photoresponses  in  S-SWCNT/P3HT  were 
observed  in  electrical  transport  characterizations.  The  V—I 
curves  of  a  representative  S-SWCNT/P3HT  nanohybrid  sample 
in  dark  and  NIR  illumination  of  ~2  mW/mm^  are  shown  in 
Figure  2b.  The  V—I  curves  are  highly  nonlinear.  The  V—I  in 
dark  (black  curve)  behaves  like  two  Schottky  diodes  connected 
inversely.  When  the  S-SWCNT/P3HT  nanohybrid  is  illumi¬ 
nated  by  the  NIR  light  (red  curve),  the  current  increases 
dramatically,  and  the  V—I  curve  turns  much  more  nonlinear 
with  a  very  clear  bend-up  at  a  voltage  around  ±5  V.  This  can  be 
clearly  identified  from  the  calculated  current  response  AI  over 
dark  current  ratio  (blue  curve),  as  shown  in  Figure  2b.  The 
Al/fdark  ratio  increases  monotonicaUy  with  the  bias  voltage  and 
reaches  a  ratio  of  7  at  20  V  bias.  This  large  photocurrent 
suggests  that  highly  efficient  exciton  dissociation  can  be 
provided  by  the  type-II  heterojunctions  formed  at  the  s- 
SWCNT/P3HT  interface.  On  the  contrary,  the  voltage  biased 
V—I  curves  of  the  s-SWCNT  control  sample  in  dark  and  under 
NIR  illumination  overlap  with  each  other,  as  shown  in  the  inset 
of  Figure  2b,  indicative  of  negligible  photoresponse  in  absence 
of  the  exciton  dissociation  mechanism.  To  quantify  the 
photoconductance.  Figure  2c  shows  the  differential  photo¬ 
conductance  dl/dV  for  an  S-SWCNT/P3HT  nanohybrid 
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sample  under  NIR  illumination,  which  is  about  10—20  times  of 
the  dark  conductance.  This  is  in  contrast  to  the  nearly 
unchanged  dl/dV  observed  on  the  s-SWCNT  control  sample 
with  and  without  NIR  illumination  (see  Supporting  Informa¬ 
tion,  Figure  S3).  The  much  higher  photoconductance  in  the  s- 
SWCNT/P3HT  nanhybrid  device  as  opposed  to  the  negligible 
one  in  the  s-SWCNT  control  sample  may  be  attributed  to  the 
efficient  exciton  dissociation  mechanism  at  the  s-SWCNT/ 
P3HT  interface.  Upon  exciton  dissociation,  the  holes 
(electrons)  are  injected  into  P3HT  (s-SWCNT),  resulting  in 
improved  conductivity  by  more  than  an  order  of  magnitude  as 
shown  in  Figure  2c.  This  large  photoconductivity  enhancement 
is  consistent  with  the  high  internal  quantum  efficiency  (IQE) 
up  to  86%  in  the  S-SWCNT/P3HT  nanohybrid  under  the 
experimental  conditions  of  this  work  (see  Supporting 
Information)  and  supports  the  argument  of  high-efficiency 
exciton  dissociation  facilitated  by  the  type  II  heterojunction  at 
the  S-SWCNT/P3HT  interface. 

The  role  of  the  type-II  heterojunctions  formed  at  the  s- 
SWCNT/P3HT  interface  in  exciton  dissociation  is  further 
demonstrated  by  comparing  the  differences  in  the  temporal 
photoresponse  curves  of  the  s-SWCNT  film  and  s-SWCNT/ 
P3HT  nanohybrid  samples,  as  shown  in  Figure  2c  and  2d, 
respectively.  In  the  former,  low  resistance  (R)  change  of  about 
0.06%  under  0.3  mW/mm^  NIR  illumination  was  observed, 
plus  a  larger  response  time  of  40—60  ms,  which  is  calculated 
from  10%  to  90%  magnitude  change  corresponding  to  “NIR 
ON”  or  “NIR  OFF”.  Because  of  the  slow  photoresponse,  the  IR 
modulation  frequency  was  Umited  to  only  a  few  hertz  in  the 
measurements  of  the  s-SWCNT  samples.  It  should  be  noted 
that  this  response  time  is  actually  comparable  with  that 
obtained  on  suspended  as-made  SWCNT  films,^’^  which  is 
much  smaller  than  that  reported  in  unsuspended  as-made 
SWCNTs  due  to  enhanced  thermal  response  at  reduced 
thermal  link  between  the  CNT  detector  and  the  environment 
by  suspending  the  SWCNT  film.^’^  Compared  with  the 
unsuspended  as-made  SWCNT  films,  the  improved  thermal 
response  in  s-SWCNT  films  may  be  attributed  to  the 
elimination  of  m-SWCNT  “shorts”  in  the  percolation  path. 
Nevertheless,  the  photoresponse  in  s-SWCNT  is  very  small  and 
comparable  to  that  of  the  as-made  SWCNT  films  in  the 
suspended  form.^  This  is  not  surprising  considering  the  lack  of 
exciton  dissociation  mechanism  in  SWCNTs  and  the 
elimination  of  m-SWCNTs  will  not  change  the  thermal  nature 
of  the  photoresponse  in  the  s-SWCNT  films.  On  the  contrary,  a 
much  larger  and  faster  temporal  response  was  observed  on  the 
S-SWCNT/P3HT  nanohybrid  samples  as  shown  in  Figure  2d. 
At  10  V  bias  and  0.35  mW/mm^,  the  observed  photocurrent  is 
more  than  twice  of  the  dark  current,  corresponding  to  a 
photoresponse  that  is  more  than  2  orders  of  magnitude  higher 
than  that  of  the  s-SWCNT  samples.  In  addition,  the  response 
times  of  0.6  ms  (NIR  ON)  and  1.4  ms  (NIR  OFF), 
respectively,  are  more  than  an  order  of  magnitude  smaller 
than  that  of  the  s-SWCNT.  Interestingly,  the  response  profile  is 
not  symmetric,  and  the  “OFF”  response  takes  slightly  longer  as 
seen  by  the  presence  of  a  small  tail.  Since  a  similar  asymmetric 
temporal  profile  was  reported  also  on  other  SWCNT/polymer 
composites  with  much  longer  tails  after  the  IR  is  off,  the  small 
tail  at  the  very  end  of  the  NIR  OFF  curve  may  be  attributed  to 
the  minor  thermal  effect  in  the  nanohybrid.  Nevertheless,  the 
previously  reported  IR  response  time  of  about  60  ms  on 
SWCNT/polymer  composites^^’^^  is  significantly  longer  than 
that  of  the  S-SWCNT/P3HT  nanohybrid,  indicating  the 


observed  photoresponse  is  unlikely  a  thermal  effect.  In  addition, 
since  such  a  large  and  fast  photoresponse  was  not  observed  on 
s-SWCNTs  and  P3HT  control  samples,  this  result  demon¬ 
strates  that  a  highly  efficient  exciton  dissociation  facihtated  by 
the  type-II  heterojunctions  formed  at  the  S-SWCNT/P3HT 
interfaces  plays  a  critical  role  toward  photocurrent  harvesting  in 
S-SWCNT/P3HT  nanohybrids.  Further  characterizations  also 
rule  out  the  contribution  of  the  P3HT/substrate  interface  to 
the  exciton  dissociation  (see  Supporting  Information). 

It  should  be  noted  that  the  photoresponse  of  a  bolometric  IR 
detector  follows  the  same  trend  of  the  temperature  coefficient 
of  resistance  (TCR)  as  a  function  of  temperature.^^  This  is  not 
surprising  since  the  bolometric  photoresponse  is  linearly 
proportional  to  the  TCR  absolute  value,  which  increases 
monotonicaUy  with  decreasing  temperature  for  most  semi¬ 
conductors  including  s-SWCNT  (see  Figure  3a).  In  contrast. 


Figure  3.  Temperature  dependence  of  S-SWCNT/P3HT  nanohybrid’s 
property,  (a)  R—T  (normalized,  5  nA  bias)  and  TCR— T  curves,  the 
dashed  line  is  used  to  show  the  variation  trend,  (b)  R,  as  a  function  of 
temperature.  The  NIR  intensity  was  2  mW/mm^. 


the  photoresponse  of  the  S-SWCNT/P3HT  nanohybrid  shows 
a  qualitatively  different  temperature  dependence  from  that  of 
TCR  (see  Figure  3b).  In  particular,  the  TCR  absolute  value 
increases  by  a  factor  of  4  at  about  200  K  as  compared  to  its 
room  temperature  value.  However,  no  significant  changes  of 
NIR  photoresponse  was  observed  on  the  S-SWCNT/P3HT 
nanohybrids  in  the  temperature  range  of  175—320  K,  and  the 
variation  of  the  current  responsivity  Rj  (Rj  =  AI/P,  with  AI 
being  the  photocurrent  induced  by  the  charge  carriers  and  can 
be  calculated  from  the  V—I  curves  as  detailed  in  the  Figure  S5 
of  the  Supporting  Information,  P  is  the  power  of  incident  NIR 
light)  is  within  several  tens  of  percent  as  shown  in  Figure  3b, 
indicating  that  a  thermal  response  is  unlikely  a  dominant 
contribution  to  the  observed  NIR  photoresponse  on  the  s- 
SWCNT/P3HT  nanohybrids. 

The  Rj  and  the  figure-of-merit  D*  are  shown  as  a  function  of 
NIR  source  modulation  frequency  in  Figure  4.  D*  =  Rj(Aj)'^^/ 
I„,  where  Aj  is  the  detection  area  in  cm^  and  is  the  noise 
current.^^  The  Rj  decreases  monotonicaUy  with  increasing 
frequency.  At  =10  V,  Rj  decreases  from  2.2  mA/W  at  10 
Hz  to  0.94  mA/W  at  1  kHz,  respectively,  as  shown  in  Figure  4a. 
Note  that  Rj  at  1  kHz  only  drops  by  about  40—50%  when 
comparing  it  with  that  at  10  Hz,  which  allows  higher  D*  to  be 
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_ Frequency  (Hz) 

Figure  4.  (a)  Current  responsivity  Rj,  (b)  noise  spectra  I^,  and  (c) 
detectivity  D*  of  S-SWCNT/P3HT  as  a  function  of  modulation 
frequency  at  room  temperature.  NIR  light  intensity  was  fixed  at  0.35 
mW/mm^  for  response  measurement. 


achieved  at  a  higher  frequency  due  to  dominance  of  1// noise  in 
the  low  frequency  range.  As  shown  in  Figure  4b,  the  current 
noise  spectra  of  the  S-SWCNT/P3HT  nanohybrid  decreases 
monotonicaUy  with  increasing  frequency,  which  is  qualitatively 
consistent  with  the  trend  of  standard  l/f  noise,  except  for  a 
larger  index  of  /?  ~  1.5  if  fitted  with  The  D*  of  s- 

SWCNT/P3HT  shown  in  Figure  4c  varies  in  an  opposite  trend 
and  increases  monotonicaUy  with  modulation  frequency  due  to 
a  much  more  significant  decrease  of  the  I„  as  compared  to  Rj 
with  increasing  frequency.  The  maximum  D*  obtained  at  1  kHz 
is  about  2.3  X  10®  cm-Hz/W'^^,  which  to  our  knowledge  is  the 
best  that  has  been  observed  on  CNT  IR  detectors  and  is 
comparable  to  conventional  uncooled  IR  detectors. It  should 
be  noted  that  the  D*  of  P3HT/s-SWCNT  nanohybrid  is  at 
least  more  than  2  orders  of  magnitude  larger  than  the 
maximum  D*  of  s-SWCNT  control  sample  (this  work)  and 
suspended  SWCNT  film  (ref  6)  obtained  at  much  lower 
modulation  frequency  (due  to  the  limitation  of  their  slow 
photoresponse),  which  are  also  included  in  Figure  4c  as  solid 
dots.  The  demonstrated  high  D*  in  the  S-SWCNT/P3HT 
nanohybrids  confirms  the  type-11  heterojucntion  at  the  s- 
SWCNT/P3HT  interface  provides  a  highly  efficient  exciton 
dissociation  mechanism,  enabling  the  harvesting  of  extraordi¬ 
nary  photocurrent  in  high  performance  CNT  NIR  photo¬ 
detectors. 

We  have  successfully  demonstrated  a  significantly  improved 
detectivity  D*  up  to  2.3  X  10®  cm-Hz^^^/W  in  s-SWCNT/ 
P3HT  nanohybrid,  which  shows  a  great  potential  of  s- 
SWCNT/P3HT  as  uncooled  IR  detectors.  The  s-SWCNT/ 
P3HT  type-Il  heterojunction  interface  enables  highly  efficient 
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exciton  dissociation  and  extraordinary  photocurrent  harvesting. 
The  observed  D*  of  s-SWCNTs/P3HT  is  more  than  2  orders 
of  magnitude  higher  than  that  of  the  pure  SWCNT  films  in 
both  s-SWCNT  and  as-made  forms.  A  small  response  time  of  1 
ms  has  been  confirmed  which  makes  the  detector  feasible  for 
high-frequency  detection  of  up  to  1  kHz  while  maintaining  a 
high  D*  on  the  order  of  10®  cm-Hz/W'^^. 
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